Indoor smoking bans have often been associated with reductions in smoking prevalence. However, few studies have evaluated their association with within-person changes in smoking behaviors. We linked longitudinal data from 5,105 adults aged 18-30 years at baseline from the Coronary Artery Risk Development in Young Adults (CARDIA) Study to state, county, and local policies mandating 100% smoke-free bars and restaurants by census tract. We used fixed-effects models to examine the association of smoking bans with within-person change in current smoking risk, smoking intensity (smoking ≥10 cigarettes/day on average vs. <10 cigarettes/day), and quitting attempts, using both linear and nonlinear adjustment for secular trends. In models assuming a linear secular trend, smoking bans were associated with a decline in current smoking risk and smoking intensity and an increased likelihood of a quitting attempt. The association with current smoking was greatest among participants with a bachelor's degree or higher. In models with a nonlinear secular trend, pooled results were attenuated (confidence intervals included the null), but effect modification results were largely unchanged. Findings suggest that smoking ban associations may be difficult to disentangle from other tobacco control interventions and emphasize the importance of evaluating equity throughout policy implementation.
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Cigarette-smoking-related diseases result in approximately 480,000 deaths per year in the United States (1) , and an estimated 15% of US adults smoked in 2015 (2) . In recent years, many states have implemented policies restricting smoking indoors in public places, including restaurants and bars. Between 1998 and 2012, 30 states enacted 100% smoke-free laws covering both bars and restaurants (3, 4) . Numerous county-level and local bans, often preceding state-level bans, have also been implemented (5) .
Many prior repeat cross-sectional studies found that smoking prevalence declined after implementation of a smoking ban (6) (7) (8) (9) (10) (11) (12) (13) . Prior studies also found positive associations of smoking bans with smoking intensity (reductions in the average number of cigarettes smoked per day ranging from −0.6 to −3.7) (6-10, 12, 13). However, not all studies have found associations between bans and individual smoking behavior (14, 15) , and in a recent systematic review, Frazer et al. (16) concluded that evidence of smoking ban effects on smoking prevalence and intensity at the national, state, or local level was inconsistent.
Most prior studies have used repeated cross-sectional surveys to assess population-level changes in smoking behavior from before implementation of a smoking ban to after implementation of the ban (6, 8, 11, 13, 14, 17) . While this approach provides important information on the public health impact of these policies, it is also of interest to examine associations of smoking bans with within-person changes in smoking behavior. Longitudinal cohort study designs are well suited to evaluate within-person change in smoking behavior, yet relatively few prior studies have used these designs. Past longitudinal cohort studies have largely focused on occupational cohorts of hospitality workers rather than the general population (18) (19) (20) (21) . Two recent studies linked up to 10 years of data from the National Longitudinal Survey of Youth with state, county, and local smoking ban policies and found that smoking bans were negatively associated with current smoking and smoking intensity among adolescents/young adults (22, 23) . However, neither examined associations of bans with quitting attempts or whether associations differed by sex or socioeconomic status (SES). It is important to examine potential differences in associations with smoking bans by SES or sex because smoking disproportionately affects persons of lower SES and men (1) . Several prior studies have suggested that smoking bans may have a stronger association with smoking among men (9, 10, 12, 24) and people of higher SES (8, 25) ; however, results have been mixed (26, 27) .
The objective of this study was to assess the association of 100% bans (i.e., no exceptions) on smoking in bars and restaurants with changes in individual-level smoking risk, intensity, and quitting attempts in a large cohort of young to middle-aged adults from multiple regions of the United States in the Coronary Artery Risk Development in Young Adults (CARDIA) Study. We hypothesized that exposure to smoking bans would be associated with reduced smoking risk and intensity and increased likelihood of engaging in a quitting attempt. We further hypothesized that associations would be stronger in men than in women and in persons with higher educational attainment and household income compared with lower education and income.
METHODS

Study population
The CARDIA Study is an ongoing longitudinal cohort study evaluating the evolution of risk factors for cardiovascular disease from young adulthood to middle age (28) . The study has currently accrued 30 years of follow-up over the course of 9 examinations. A total of 5,115 black and white men and women aged 18-30 years were enrolled from 4 cities (Birmingham, Alabama; Chicago, Illinois; Minneapolis, Minnesota; and Oakland, California). The baseline examination was conducted in 1985/1986, and follow-up examinations were conducted after 2, 5, 7, 10, 15, 20, 25, and 30 years. Data for these analyses included those from 1985-2011, corresponding to examination years 0, 7, 10, 15, 20, and 25, as information on participant's residential address was collected in these years. We excluded participant examination years in which the participant was pregnant (n = 116 examination years (0.4%)) or missing data on smoking status (n = 162 examination years (0.6%)). We included a total of 23,572 personexaminations from 5,105 participants (data were structured such that individuals had 1 record per examination) in the analyses. The CARDIA Study protocol was approved by the institutional review boards at each participating institution.
Smoking outcomes
Smoking outcomes were self-reported at each examination and included smoking status, smoking intensity, and quitting attempts. Smoking status was assessed by means of 2 questions: 1) "Have you ever smoked cigarettes regularly for at least 3 months? By regularly, we meant at least 5 cigarettes per week, almost every week" (ever smoking) and 2) "Do you still smoke cigarettes regularly?" (current smoking). We compared current smokers with non-current smokers in analyses. Smoking intensity was assessed by asking current smokers, "How many cigarettes do you smoke per day on average?". In smoking intensity analyses, we included participants who had ever reported current smoking during follow-up, and we considered the number of cigarettes smoked to be 0 in examination years where ever smokers reported not currently smoking. We dichotomized this variable at ≥10 cigarettes/day (half a pack, and the mean number smoked per day at baseline) and <10 cigarettes/day to examine differences in heavy smoking. Attempts to quit smoking were assessed by asking current smokers, "Have you made any attempts to stop smoking in the past [number of years since the last examination] years?"
Smoking ban exposures
Data on smoking bans were obtained from the American Nonsmokers' Rights Foundation's Local Ordinance Database (3), which compiled a comprehensive data set of the dates of all state, county, and city-level 100% smoking bans implemented in the United States from 1990 to 2014 and whether each ban prohibited smoking in restaurants, bars, and/or other workplaces. To be considered a 100% smoke-free policy, legislation had to ban smoking in attached bars and separately ventilated rooms and not have exemptions based on size.
CARDIA participants' home addresses were geocoded in examination years 0, 7, 10, 15, 20, and 25. Participants' state/ county/census tract Federal Information Processing Standards codes were converted to census place names (roughly equivalent to city boundaries) using the Missouri Census Data Center's MABLE/Geocorr Geographic Correspondence Engines for the 1980, 1990, 2000 , and 2010 census years (29) . Place names and state/county Federal Information Processing Standards codes were linked to state, county, and local-level smoking bans in the American Nonsmokers' Rights Foundation database, and exposure status was assigned on the basis of participant examination date. In order to ensure that policy changes preceded outcome measurement, we considered participants exposed as of 12 months following implementation of a ban. When a participant's census tract encompassed multiple municipalities or unincorporated areas where ban status differed (0.2% of person-examinations), participants were assigned an exposure probability ranging from 0 to 1 reflecting the proportion of the tract population residing in municipalities with a ban, according to the most recent census. Smoking ban data were complete for all participants.
To be considered exposed, participants had to live in an area with both restaurant and bar smoking bans. This combined exposure was chosen because, for 97% of observations, exposures to bar bans and exposures to restaurant bans were the same. Nonhospitality workplace bans overlapped with hospitality (bar and restaurant) bans in 95% of observations; however, we focused on hospitality bans only, because survey data indicated that many nonhospitality establishments had voluntarily banned indoor smoking by the late 1990s, far in advance of legislation banning smoking in nonhospitality workplaces (30) . We compared participants exposed to 100% hospitality smoking bans with those exposed to less than 100% bans (including weak bans or no bans) because prior research indicates that 100% smoking bans have a stronger association with smoking behavior and health outcomes than weaker bans (16, 31, 32) .
Covariates
We included sex and race and the following time-varying covariates: age (years), education (continuous, representing the number of years of education participants had attained), marital status (married/living in a marriage-like relationship vs. not), employment status (unemployed vs. not), living with children (yes or no), and current alcohol use (yes or no). Information on total annual family income was collected as a 9-level ordinal variable and converted to a continuous variable using the average dollar value for each category. Because averages could not be calculated for the lowest (<$5,000) and highest (>$100,000) income categories, we assigned values of $2,500 and $150,000 to those categories. Incomes were translated to year 2000 US dollars using the Consumer Price Index (33) . While the other covariates were assessed at each examination, income information was not collected until year 5. We carried back year 5 income to impute income in year 0, which resulted in 834 missing values for year 0.
In addition, monthly state-level tax rates were obtained from The Tax Burden on Tobacco (34) and were translated to 2,000 US dollars. We also included fixed effects for state of residence to control for area-level differences in smoking norms. State was used rather than county because 53% of counties had only 1 participant at a given examination; thus, the county-level effect could not be separated from the participant effect.
Statistical analysis
We conducted multiple imputation by chained equations (35) using the MI package in Stata (StataCorp LP, College Station, Texas) to impute missing covariate values (≥1 covariate missing for 5.9% of person-examination years; data assumed to be missing at random). This approach, also known as sequential regression multivariate imputation (36) , is a method with fully conditional specification of prediction equations that can accommodate arbitrary missing-value patterns and handle multiple types of variables. Following guidance for imputation of longitudinal data (35, 37, 38) , we reformatted the person-period data set to have 1 row per person in order to simultaneously include all analytical variables from all examinations, so that individuals' responses for a given variable at other time points as well as other variables were used to impute missing values. We created 10 imputed data sets. Imputed values were dropped for examinations participants did not actually complete. We compared the distributions of covariates between the original and imputed data sets and found them to be similar (see Web Table 1 , available at https://academic.oup.com/aje).
In order to examine the association of smoking bans with within-person change in individual smoking behavior, we used longitudinal models with repeated measures for each examination and participant-specific fixed effects. Fixedeffects models estimate the association between withinperson changes in exposure and within-person changes in the outcome by treating each individual as his/her own control (39) . Estimates are then averaged across individuals. Since fixed-effects models inherently control for all observed and unobserved time-invariant characteristics of study participants included in the model, they eliminate the possibility of bias from time-invariant omitted variables (39) . Since all 3 outcomes were dichotomous, we used conditional Poisson fixed-effects models with robust variance estimates to model the relative change in risk of each smoking behavior associated with exposure to a smoking ban (40, 41) . Poisson estimation with robust variance was chosen over logistic regression because odds ratios may provide biased estimates of relative risk when the outcome is not rare (40) . Fixed-effects models use only within-person variation and include only participants who have had a change in the outcome over the course of follow-up; as such, the analytical sample varied by outcome (current smoking: n = 1,732 participants and 8,290 person-examinations; smoking intensity: n = 1,197 participants and 5,694 person-examinations; quitting attempts: n = 1,153 participants and 4,430 person-examinations). We clustered standard errors by individual (additional detail on statistical models is provided in Web Appendix 1).
Covariates. Models included the following time-varying covariates: age, education, marital status, employment status, income, alcohol use, living with children, state cigarette tax rate, state fixed effect, and time since baseline. Time-invariant covariates (race, sex, and study site) were not directly specified because fixed-effects models only estimate coefficients for timevarying variables; however, we included interactions between time-invariant variables and time where significant (P < 0.05), to allow the association of these variables with outcomes to vary over time.
Time trend. Preliminary graphical assessments (adjusted for covariates) showed an approximately linear time trend for smoking rates; thus models included time since baseline as a linear term. Nevertheless, to provide more robust control for secular trends based on departures from linearity (Web Figure 1) , we added a quadratic term for time (time squared) to our models for current smoking and smoking intensity (where departure from linearity was minor) and a penalized cubic spline for time to our models for quitting attempts (where departure from linearity was stronger). Because associations differed for the main models, we present the results from both sets of models. We found no evidence of temporal nonstationarity (see Web Appendix 2 for details).
Effect modification. We examined effect modification using models that included terms for interaction between potential modifiers (selected a priori: sex, education, income) and smoking ban status. We then calculated stratified risk ratios to examine patterns in different subgroups.
Sensitivity analyses. We conducted several sensitivity analyses. First, we tested sensitivity to the length of the exposure lag period by lagging exposures by 6 months rather than 1 year. Second, to ensure that changes in smoking behavior were not explained by diagnosis of a condition that might necessitate smoking cessation, we added a time-varying indicator for whether participants had been diagnosed with cancer, heart disease, diabetes, or hypertension to the models. Third, we implemented models that considered only exposure to a state-level smoking ban rather than a state, county, or local ban. Fourth, we used a negative binomial hybrideffects model (39) to estimate the association of smoking bans with within-person change in smoking intensity modeled as a count outcome (see Web Table 2 for details on this model). Fifth, we also estimated sensitivity to adjustment for income using nonlinear parameterization; results are presented in Web Table 2 . Table 1 displays the characteristics of the study sample over 25 years of follow-up. Current smoking prevalence declined from 31% to 17%, and the percentage of ever smokers who smoked at least 10 cigarettes/day declined from 52% to 27%. The proportion of current smokers reporting a quitting attempt decreased from 60% in year 0 to 51% in year 7, and then increased again to 62% at the last follow-up examination. More black participants were lost to follow-up than white participants, and slightly more men than women. Educational attainment and income increased over the course of follow-up, as did the proportion of participants who were married and lived with their children, while alcohol use decreased.
RESULTS
At baseline, no participants lived in areas with a 100% hospitality smoking ban (Table 1) . Ban coverage increased starting in year 10. By year 25 (2010-2011) , 80% of participants lived in areas with 100% restaurant bans and 71% lived in areas with 100% bar bans.
Association of 100% hospitality smoking bans with smoking outcomes Table 2 presents the results of the main fixed-effects models. In models assuming a linear secular trend, participants who lived in a state, county, or municipality that adopted 100% bans in both bars and restaurants had an 8% reduction in the risk of current smoking (risk ratio (RR) = 0.92, 95% confidence interval (CI): 0.87, 0.98). In addition, bans were associated with an 8% decrease in the risk of smoking ≥10 cigarettes/day (RR = 0.92, 95% CI: 0.83, 1.01) and a 10% increase in the likelihood of a quitting attempt among current smokers (RR = 1.10, 95% CI: 1.02, 1.19). In sensitivity analyses that 1) altered the definition of smoking ban exposure, 2) controlled for diagnosis with a chronic condition, or 3) modeled intensity as a count, results were similar (Web Table 2 ). In models that included a nonlinear (either quadratic or cubic spline) secular trend, results were largely attenuated, and all confidence intervals included the null value (Table 2) .
Differences in associations among subgroups
Stratified results suggested that the association of hospitality bans with smoking risk was stronger with higher SES (Figure 1 and Web Table 3 ). Participants with a bachelor's degree or more education had a 22% decline in the risk of current smoking (RR = 0.78, 95% CI: 0.69, 0.89) when exposed to a ban, compared with a 4% decline (RR = 0.96, 95% CI: 0.87, 1.06) among those with some college or an associate's degree and a 2% reduction (RR = 0.98, 95% CI: 0.91, 1.05) among those with a high school diploma or less (P for interaction < 0.001).
Smoking bans were associated with the largest reduction in current smoking risk in the 2 highest income quartiles, although the interaction was not statistically significant.
When smoking intensity was the outcome variable, stratified results suggested that the association with hospitality bans was stronger for higher education (although interaction At baseline, participants were asked about attempts to quit smoking in the past 2 years. At follow-up examinations, quitting attempts since the past examination were assessed (2-year interval for year 7, 3-year interval for year 10, and 5-year intervals for years 15, 20, and 25) . Examination years 2 and 5 were not included in this analysis.
was not statistically significant), but no differences were observed by income. Conversely, when quitting attempts was the outcome variable, the association of hospitality bans was stronger with lower SES. The association was strongest among participants in the lowest income quartile (RR = 1.23, 95% CI: 1.09, 1.38; P for interaction = 0.07 (Figure 1, Web Table 3 )), and a similar pattern was observed by educational attainment, although the interaction was not statistically significant.
Smoking bans were associated with an increase in quitting attempts among women only (in women, RR = 1.18, 95% CI: 1.07, 1.30; in men, RR = 1.00, 95% CI: 0.90 1.13; P for interaction: 0.02). No patterns were detected by sex for the outcomes smoking risk or intensity.
Results of subgroup analyses were attenuated in models that included a nonlinear time trend, although patterns were similar to those seen in models with a linear secular trend (Web Table 3 ).
DISCUSSION
Comprehensive bans on smoking in bars and restaurants were associated with a significant decline in individual smoking risk and intensity among young to middle-aged adults over 25 years of follow-up, as well as a significant increase in the likelihood of a quitting attempt under the assumption of a linear secular trend. Bans were associated with the largest reduction in current smoking risk among participants with a bachelor's degree or higher, were associated with increased quitting attempts among women only, and had a stronger association with quitting attempts among participants with lower household income. The main results were attenuated and nonsignificant when a nonlinear time term was included, although significant associations remained for certain subgroups.
Our findings under the assumption of a linear secular trend are largely consistent with the few prior studies that evaluated associations for smoking bans in longitudinal cohorts. Recent studies that linked the American Nonsmokers' Rights Foundation database to the National Longitudinal Survey of Youth (22, 23) found that bar bans were associated with lower odds of current smoking and fewer days of smoking by current smokers (23) and that comprehensive bans in bars, restaurants, and nonhospitality workplaces were associated with lower odds of current smoking (22) . Our study built on these findings by using a longer follow-up period (over twice the length of prior studies), a large population of young to middle-aged adults, and the ability to link local bans for all participants. In addition, our use of fixed-effects models directly assessed the association of a change in smoking ban exposure with changes in individual-level smoking outcomes, while tightly controlling for any time-invariant unobserved individual covariates (39) .
The attenuation of associations upon inclusion of a nonlinear time term suggests that associations of smoking bans with smoking behaviors under an assumption of a linear secular trend may be overestimated. This finding does not necessarily indicate that smoking bans are not associated with smoking behaviors, but rather that their association is difficult to disentangle from that of other simultaneously occurring tobacco control interventions. Smoking bans are often implemented as part of comprehensive tobacco control programs with components including tax increases and educational programs (6, 8, 13) . We controlled for cigarette taxes and included state fixed effects to control for time-invariant unmeasured state-level factors and found significant associations. However, the associations estimated in models a A 100% smoking ban was defined as a ban mandating that all bars and restaurants be completely smoke-free, with no exceptions. Exposure was lagged by 1 year to ensure temporality. Participants were linked to state, county, and city-level smoking ban exposures based on their census tract of residence.
b RRs were estimated using fixed-effects Poisson models with robust variance estimates. Models adjusted for the following time-varying covariates: age, education, marital status, employment status, income, living with children, current alcohol use, state cigarette tax rate, and state of residence. In the first set of models, time since baseline (in years) was included as a linear trend. In the second set of models, time and time squared were included for current smoking and smoking intensity, while restricted cubic splines (6 knots) were used for quitting attempts. Interactions between time-invariant variables (sex and race) and time since baseline were retained for current smoking and smoking intensity to allow the associations of these variables with the outcome to change over time (P for interaction < 0.05). Conditional fixed-effects models included only those participants with a change in the outcome during the follow-up period. Because of concerns about collinearity with the time trend, we also repeated analyses without controlling for age in the model and found estimates to be unchanged. with linear secular trends may be explained in part by other tobacco control interventions, such as changes in educational messaging and smoking advertisements or other unmeasured secular trends. Our finding that smoking bans were most strongly associated with current smoking among participants with higher education, which was observed in models with both linear and nonlinear secular trends, is consistent with a systematic review which found that local/regional smoke-free policies often had stronger associations in higher-SES groups (42) . Prior studies have found positive associations between education and support for smoke-free policies (43, 44) , suggesting that cultural smoking norms may change more quickly among persons with higher education. While smoking bans have been found to change smoking norms (45, 46) , within-education-group prosmoking norms may weaken the association of smoking bans among persons with lower educational attainment. In addition, our finding that bans were more strongly associated with quitting attempts (but not with current smoking or intensity) among lower-income individuals suggests that smoking bans promote attempted cessation among people of lower SES but that additional supports may be needed to promote successful cessation in these groups. For example, because lower-SES populations may lack access to smoking cessation aids (47) and may be less likely to use these aids (48) , policies that increase access to and support for smoking cessation aids in tandem with hospitality smoking bans may reduce differences based on socioeconomic factors.
This study had several limitations. First, outcomes were assessed by self-report, leading to potential misclassification due to recall or social desirability bias. However, prior validation work in CARDIA that compared self-reported smoking with serum cotinine levels indicated that misclassification of smoking exposure status based on self-reporting was uncommon (misclassification rate: 4.2%) (49) . Second, while we included state fixed effects to control for potential geographic differences in smoking norms, we were unable to include county-level fixed effects. Third, we were unable to adjust for state-specific time trends, since most states had few participants living in them at a given time. Fourth, we were unable to control for the presence of antismoking marketing campaigns, as we found no comprehensive database of these campaigns. Fifth, we did not distinguish between daily smokers and persons with less regular smoking patterns, such as social or weekend-only smokers. Sixth, fixed-effects models result in loss of sample size in comparison with other longitudinal methods, as only participants with changes in exposure and outcome contribute to the likelihood. This may have reduced statistical power to detect interactions. Seventh, selection bias may have influenced the results, as black participants were more likely to be lost to follow-up and more likely to smoke and to live in areas without a 100% smoking ban. Following the work of others (22, 23) we compared participants in areas with 100% smoking bans to all others. This approach may have underestimated the magnitude of the association of bans with smoking, since the referent group include persons exposed to weaker bans as well as no bans. Finally, we did not distinguish between participants who lived in an area where a ban was newly implemented and those who moved from an area without a ban to an area with a ban.
In conclusion, adoption of smoking bans in bars and restaurants was associated with a lower risk of current smoking and lower smoking intensity and with a greater likelihood of engaging in a quitting attempt in a longitudinal cohort study of young to middle-aged adults in models assuming a linear secular trend only, indicating potential confounding by unmeasured secular trends. Results underscore the challenge of disentangling associations with bans from associations with other concurrent tobacco control interventions. In addition, weak associations for smoking bans among participants with lower educational attainment emphasize the importance of evaluating equity throughout the policy implementation process and of addressing disparities through policy changes and enhancements when gaps are uncovered.
